This study compared autopsy with postmortem multidetector computed tomography (MDCT) findings in charred remains. Seventeen consecutive male subjects (mean age, 29.4 years) who perished in a firerelated event resulting in charred remains underwent total body MDCT immediately prior to routine autopsy that included serum carboxyhemoglobin measurement. MDCT showed all thermal tissue changes (skin and subcutaneous fat loss, skeletal muscle retraction, pugilistic attitude, cortical fractures, bone and organ destruction, thermal epidural hematoma, and thermal amputation) and established all fracture patterns that were lethal, but autopsy added the fire as a contributory cause of death when there was carboxyhemoglobin elevation. MDCT had limited value in determination of lethal vascular and visceral injuries. MDCT is an effective complement to autopsy in the setting of charred remains and may serve to augment a limited autopsy. This may be particularly useful in mass casualty scenarios.
T he forensic assessment of a severely burned and charred body is challenging because it is usually impossible to distinguish antemortem from postmortem burns on gross and microscopic examination. 1 Consequently, the forensic pathologist relies upon the combination of finding features suggestive of antemortem physical injury or disease; physical signs of smoke inhalation such as soot in the nose, mouth, and airways; cherry red coloration of liver mortis, muscles, blood, and organs suggestive of carbon monoxide intoxication, toxicological examination, and the percentage of serum carboxyhemoglobin (COHb) to determine whether death occurred before or during the fire. Serum COHb provides an assessment of whether or not there was active respiration during the fire and, thereby, aids in the determination of whether death occurred before or during the fire. In severely burned bodies with extensive charring, the physical autopsy may be limited and subtle fractures and injury patterns related to specific types of antemortem trauma may go undetected. Conventional radiography is commonly used to supplement the autopsy in these situations not only to document fractures and injury patterns, but also to localize foreign bodies and metallic fragments, and aid in identification if fingerprinting and DNA analysis cannot be performed.
A thorough understanding of the changes that occur in a body as a result of fire is necessary to make a distinction between the findings of antemortem traumatic injury and those findings caused by the fire. Bohnert et al published a comprehensive study of the gross morphologic changes that occur in the human body during fire by observing cremation. 2 The earliest effect that fire has on a body is burning away the skin and subcutaneous tissue, which exposes skeletal muscle. The craniofacial region and the anatomic region most directly exposed to the fire often have the most pronounced soft tissue changes. Skeletal muscles contract and shrink from the heat, resulting in flexion deformities in the extremities. When the upper extremities are flexed from muscle contraction, the term pugilistic attitude is applied because the upper body position is that of a boxer holding his hands in front of him. 1 Fine, linear, superficial fractures of the cortical surface of bone are characteristic of thermal fractures. 1, 2 Thermal amputations occur as the distal extremities are consumed by the fire. The thermal changes in the skull advance from fine, cortical fractures in the outer table, to loss of the outer table and development of a thermal epidural hematoma, to eventual progressive destruction of the cranium from the vertex to the skull base. [2] [3] [4] Iwase et al reported the use of computed tomography (CT) and magnetic resonance imaging (MRI) to show that a lethal skull fracture was traumatically induced rather than secondary to fire in a woman who was found burned and decapitated. 5 More recently, Thali et al reported the use of multidetector CT and MRI to show the features severe burns (loss of the outer table of the skull, thermal epidural hematoma, and thermal soft tissue loss) in a person who died of trauma sustained in an automobile accident with a post crash fire. 6 The purpose of our study was to retrospectively determine the multidetector computed tomographic (MDCT) findings in charred remains and to determine if MDCT shows traumatic findings that are lethal or contributory to the cause of death in comparison with autopsy findings.
MATERIALS AND METHODS

Study Group
The study population consisted of 17 male subjects (age range, 20 to 42 years; mean age, 29.4 years) who perished in a fire-related event resulting in charring of the remains. Each subject underwent MDCT scanning immediately prior to conventional autopsy from October 2006 through November 2006 at a single institution. MDCT scanning and autopsy were performed 3 to 6 days (mean, 3.4 days) following death. Sixteen of the 17 subjects were burned in explosions. One subject burned in an aircraft accident. The study received approval from the institutional review board and complied with all Health Insurance Portability and Accountability Act regulations. Informed consent from next of kin was not required.
CT and Autopsy Technique
Prior to autopsy, all subjects were imaged with whole-body MDCT (Lightspeed 16; General Electric ͓GE͔ Medical Systems, Milwaukee, WI). Two series of images were obtained for each subject: series 1 from the skull vertex to the most distal point allowable by table travel (distal femur or proximal tibia and fibula), and series 2 from the distal femur to the toes. Subjects were scanned with 16 ϫ 5-mm collimation, pitch of 0.938:1, rotation speed of 0.5 seconds, and table speed of 18.75 mm/rotation. No contrast material was administered. Images were retrospectively reconstructed at the CT console to a slice thickness of 1.25 mm prior to being sent to a workstation (Advantage software version 4.2; GE Medical Systems, Milwaukee, WI).
Board certified forensic pathologists performed all autopsies. Complete dissection and gross examination of the intracranial contents, oral cavity, neck, chest, heart, mediastinum, abdomen, and pelvis were performed for each subject. Serum COHb levels were performed in 14 of the 17 cases. In the 3 remaining cases, there was no suitable specimen for COHb testing. Thermal injury was considered as the cause of death or contributing to the cause of death when there was autopsy evidence of a combination of findings that support respiratory activity during the fire. These include soot in the airways (nostrils, mouth, larynx, trachea, and bronchi); cherry red discoloration of liver mortis, muscles, blood, and internal organs; and, elevation of the serum COHb. COHb exceeding 3% in nonsmokers and 10% in cigarette smokers is considered abnormal. 6, 7 Each autopsy included digital photographs of the external examination of the body and pertinent photographs of internal and external abnormalities. The data from the autopsies was obtained from the final autopsy reports.
Image Interpretation
Retrospectively, 2 radiologists interpreted the MDCT scans. Final image interpretation was reached by consensus. Images were interpreted at a workstation (Advantage, GE Medical Systems) by using 2-dimensional axial, coronal, oblique, and sagittal data sets, as well as 3-dimensional volume-rendered images.
MDCT images were evaluated for presence or absence of craniofacial soft tissues and bones. If a portion of the skull was present, it was evaluated for presence or absence of the outer table and evidence of traumatic fracture. The presence or absence of a thermal epidural hematoma (honeycombed soft tissue attenuation in the epidural space) was noted. The oral cavity, pharynx, and airways were evaluated for evidence of soot (hyperattenuating particulate matter).
The extremities were evaluated for the presence or absence of a pugilistic attitude (limb flexion). The soft tissues were evaluated for evidence of loss of skin and subcutaneous fat with exposure of skeletal muscle. Skeletal muscles were evaluated for retraction and shrinkage of skeletal muscle such that the adjacent bones are partially uncovered. The skeletal structures were evaluated for thermal and traumatic amputations and fractures. Amputations were classified as thermal when they had smoothly marginated transverse or angulated margins that are uncovered by skeletal muscle because of thermal-related skeletal muscle shrinkage and retraction. Thermal fractures were defined as linear cortical fractures in exposed bone. Amputations were classified as traumatic if they were covered by overlying soft tissues and had sharp, angulated margins, or evidence of comminution. Fractures were classified as traumatic if they occurred in unexposed bone and were typical of mechanical injury such as a spinal compression fracture, complex pelvic fracture with involvement of the sacroiliac joints and symphysis pubis, and oblique and/or comminuted fractures of the distal extremities and ribs. The traumatic findings were assigned a grade of lethal, contributory to the cause of death, or noncontributory to the cause of death. Fractures were considered lethal if the fractures were able to cause death (eg, cranio-cervical dislocation, spinal fracture-dislocation with cord transection, or complete pelvic disruption).
All internal organs were evaluated for presence or absence. If present, the organs were evaluated for heat-related changes (irregular outer margin reflecting searing and charring and small organ size reflecting shrinkage) and traumatic injury. The presence or absence of fluid in the pleural, pericardial, peritoneal, and retroperitoneal spaces was noted. The presence or absence of internal metallic fragments at any location in the body was noted. Following image review, 2-and 3-dimensional data sets were reviewed and compared with the final autopsy reports.
RESULTS
Thermal Craniofacial Findings
The craniofacial region could not be evaluated in one subject because flexion contractures of the upper extremities prevented the head, neck, and shoulder regions from passing through the scanner gantry. In the remaining 16 subjects, one (5%) had no evidence of facial soft tissue loss, 6 (38%) had facial soft tissue loss with no evidence of thermal injury to the facial bones, 2 (13%) had soft tissue loss with partial thermal bone destruction (Fig. 1 ), and 7 (44%) had complete destruction of the facial soft tissues and bones. Traumatic facial fractures were present in 4 subjects (Figs. 1, 2) . The cranium was completely intact in 4 subjects (25%), missing a portion of the frontal and parietal bones in 4 (25%) ( Fig.  1) , missing all frontal, parietal, and temporal bones such that the only the remaining portion of the calvarium was the posterior fossa in 4 (25%) ( Fig. 2 ) and completely absent in 4 (25%). In the 12 subjects with a complete or partial cranium, 9 had evidence of a thermal epidural hematoma ( Fig. 1 ). Loss of portions of the external table of the skull was seen in all subjects who had portion of the cranium missing ( Fig. 1 ). However, in the 4 subjects with completely intact skulls, only subject had a loss of the outer table of the skull. High attenuation particulate material was present in the mouth and pharynx in one subject and was interpreted as possibly representing inhaled soot.
Thermal Extremity Findings
All subjects (100%) had evidence of skin and subcutaneous fat loss with exposure of skeletal muscle. The exposed skeletal muscle had an irregular outer margin in all subjects. The degree and extent of exposed skeletal muscle varied with the severity of the burns. When compared with gross photography, the more severely charred subjects had more exposed skeletal muscle. All but one subject had evidence of skeletal muscle retraction.
Pugilistic attitude was present in 11 (65%) subjects. Two subjects had flexion deformities of the wrist and ankles only (Fig. 3) . The remaining 4 subjects could not be assessed for flexion deformities because of the presence of thermal and traumatic amputations of all extremities. Twelve of the 13 subjects with flexion deformities had fracture dislocations involving at least one of their flexed joints (Fig. 3A) .
Thermal cortical fractures were identified in 15 (88%) subjects. Thermal amputations were present in 16 (94%) subjects. The degree of amputation correlated with the severity of charring present on gross photography. The more severely charred subjects had a greater number of amputated extremities and more proximal amputations. The least amount of thermal amputation occurred in our 2 subjects that had charring of the extremities only. These latter 2 subjects had amputations of fingers and toes (Fig. 3B) . The greatest degree of thermal amputation was loss of an arm or leg to the level of the proximal diaphysis of the humerus or femur, which was present in 12 subjects (71%) (Fig. 4) .
Uniformly present in all subjects was a pattern of mottled lucency (Figs. 1,2,4) in the marrow space of bones that had loss of overlying soft tissues and muscle or amputation. The lucency was present in both the appendicular as well as the axial skeleton where there was bone exposed to fire. Deeper bone structures (eg, vertebral bodies in subjects with intact back musculature, thoracic, and abdominal cavities) that were not directly exposed to heat did not show mottled lucency in the marrow spaces.
Thermal Torso Findings
Thermal changes in the torso were present in all subjects. Two subjects had loss of skin and subcutaneous fat as the only FIGURE 2. Severe burns with near complete thermal loss of the calvarium. A, Sagittal CT shows thermal loss and extensive thermal destruction of the facial soft tissues and bones with residual portions of the maxilla and mandible. There is mottled lucency (arrow) within the facial bones reflecting thermal effects on the bone marrow. The majority of the cranium and brain has been burned. There are portions brain (arrowheads) remaining in the residual posterior fossa. B, Autopsy photograph of the left postero-lateral side of the skull shows the severely charred remains of the face and skull. Retracted and seared brain is exposed (arrows). MDCT Facilitates Autopsy thermal finding. The remaining 15 subjects had partial loss of the abdominal and chest walls with exposure and searing of internal organs, which was manifest as a decrease in organ size ( Fig. 5) or an irregular outer margin. In 5 subjects, intraabdominal organs herniated through defects in the anterior abdominal wall. One or more organs were absent in 8 subjects. Thermal amputations of the ribs and/or the upper bony thorax to include the scapula, clavicles, and manubrium were present in 9 subjects (Fig. 5 ). Amputations of portions of the bony pelvis were present in 3 subjects.
Antemortem Traumatic Findings
Antemortem traumatic fractures were present in 15 (88%) subjects. Twelve (71%) had traumatic injuries that were classified as lethal injuries: complex thoracolumbar spine and pelvic fractures with pelvic disruption in 4, sacral and pelvic disruption only in 2 ( Fig. 6 ), fracture dislocation of the thoracic spine with cord transection in 2, cranial and skull base fractures in 2, cervical spine fracture dislocation with cord transection in conjunction with complex pelvic fractures in one, and complete amputation of the lower torso in one. Three subjects (18%) had traumatic fractures that were felt to be contributory to the cause of death: 1 had rib fractures, bilateral hemothoraces, and a complex femur fracture; 1 had a complex femur fracture; and 1 had a sternal fracture with mediastinal hemorrhage and bilateral hemothoraces. The 2 final subjects had no evidence of traumatic fractures on CT. One had a large hemothorax as the only finding in addition to findings of burns. The other had metallic shrapnel fragments associated with wound tracks in the pelvis as the only finding in addition to findings of burns on CT. Internal metallic shrapnel fragments were present in 7 (41%) subjects.
Autopsy Findings
All of the 17 subjects had severe burns with charring of the skin surface on external gross examination. Fifteen subjects exhibited total body charring and 2 subjects had charring of the extremities only. The final cause of death in 13 subjects was blunt force trauma with all thermal injuries occurring postmortem. The remaining 4 subjects had mild elevations in serum COHb (10% to 24%). As such, their final cause of death was blunt force trauma with incapacitation and death occurring soon after the incident with the majority of their thermal injuries occurring postmortem. Airway soot and cherry red discoloration of the tongue and musculature was present in 2 subjects who had COHb elevations of 12% and 16%.
MDCT-Autopsy Comparison
All craniofacial traumatic fractures and findings of burns present on MDCT correlated with autopsy findings. There were 2 subjects that had subarachnoid hemorrhage and one with subdural hemorrhage at autopsy that did not have findings of intracranial hemorrhage on MDCT. One of the subjects with subarachnoid hemorrhage had lethal spine and pelvis fractures on MDCT and the other had amputation of the lower torso. The subject with the subdural hematoma had a complex skull and skull base fracture identified on MDCT.
The single subject that was noted to have high attenuation particulate material in the oral cavity on MDCT did not have evidence of soot in the mouth or airways by autopsy. It is possible that the high attenuation particulate material observed on CT represented dirt or sand. The 2 subjects with soot in the airways at autopsy did not have findings suggestive of soot on MDCT.
The torso findings of skin and subcutaneous fat loss and charring of skeletal muscle present on MDCT correlated with autopsy findings in all cases. However, the following visceral injuries discovered at autopsy could not be identified on MDCT: aortic laceration in 2, pericardial laceration in 3, right atrial and ventricular laceration in 2, lung laceration in 2, liver laceration in 4, renal lacerations in 4, splenic lacerations in 5, bowel perforation and lacerations in 3, and bladder laceration in 1. All spine, pelvic, and extremity fractures correlated with findings at autopsy. Amputations that were graded as thermal correlated with autopsy in all but one subject, which autopsy graded the amputations as traumatic.
In the 2 cases where there was no MDCT evidence of traumatic injury contributing to death, 1 subject had a lung laceration with a hemothorax, liver laceration, and right renal laceration. The hemothorax was evident on MDCT, but the lung, liver, and renal lacerations were not. This subject also had a COHb of 12%. The second subject had wound tracks with multiple metallic fragments in the pelvis without evidence of organ injury or bone fractures on MDCT. At autopsy, a pericardial laceration was found and a COHb of 24%, which also contributed to death. 
DISCUSSION
In fire death investigation, it is important to recognize the findings of severe burns to differentiate them from antemortem injury or disease that may have caused or contributed to death because medical examiners must establish whether the death was an accident, crime, or suicide. 1 The more severely burned an individual becomes, the more problematic it is to establish the exact cause of death because thermal changes may obscure the detection of antemortem injury or disease.
The utility of MDCT to facilitate and augment autopsy in charred remains has been previously shown in 2 published case reports. Iwase et al described the use of CT to demonstrate a lethal skull fracture in a body that was found charred and decapitated. 5 The fracture identified on CT was more consistent with blunt force trauma rather than the effect of fire, which corroborated the events of the victim's death when the assailant eventually confessed. Thali et al described that MDCT could accurately show traumatic fractures in a charred body that was recovered from a vehicle that crashed and burned. 6 Our series herein adds credibility to the use of MDCT in burn cases and presents findings not previously described.
Our series shows that the MDCT manifestations of severe burns in charred remains correlate with autopsy findings in the majority of cases. Progressive thermal tissue loss (skin and subcutaneous fat loss, exposure of skeletal muscle, skeletal muscle retraction, and amputation), thermal effects on the craniofacial region (facial and scalp soft tissue loss, thermal destruction of the facial bones, thermal peeling of the outer table of the calvarium, thermal epidural hematoma, and progressive destruction of the calvarium from vertex to skull base) was present on MDCT and correlated with autopsy findings in all cases. Lethal fractures of the skull base, spine, and pelvis were well demonstrated on MDCT in our subjects. Details of spine and pelvic fractures are better seen on MDCT than at autopsy because complete dissection of these injuries in charred remains in difficult and may not be possible in all cases. Therefore, identification of these fractures prior to autopsy is helpful to the medical examiner because it may increase accuracy of the autopsy.
We identified amputations in all of our subjects that had amputations and classified them as thermal amputations because the amputation margin was smooth and exposed without muscle or soft tissue covering the bone because of skeletal muscle retraction. In one subject, autopsy interpreted the amputations as traumatic in contrast to the MDCT interpretation. At autopsy, medical examiners use signs such as rounded, burnished edges of the bone to indicate a thermal amputation and sharp, well-demarcated edges to indicate a traumatic amputation. Thermal amputations may have irregular margins at autopsy, but usually have a burnished component that is rounded in contour to indicate exposure to fire. The distinction between the 2 may be difficult by imaging and autopsy, particularly if there is extensive postmortem charring.
Lacerations in visceral organs, vascular structures, and intracranial hemorrhages related to trauma could not be identified in our subjects on MDCT. The evaluation of visceral organs and vascular structures is a known limitation of noncontrast intravenous contrast material-enhanced postmortem CT. 7 Thermal effects such as shrinkage of an organ create additional alterations that further limit detection of injury. In addition, our ability to detect acute hemorrhage (specifically, subarachnoid and subdural hemorrhages) may have been limited because imaging and autopsy occurred 3 to 6 days following death in our population. Over time, the attenuation of acute hemorrhage decreases making it more difficult to discriminate hemorrhage from other fluids and soft tissue on unenhanced scans. Scanning immediately following death and alternative postmortem imaging techniques such as angiography and MRI may be better suited to detect visceral and vascular injury. 8 We identified 2 MDCT patterns in our subjects that may be unique findings in severely burned victims. The first is a pattern of mottled lucency in the marrow space of bone exposed to fire, which was seen in all bones that had overlying soft tissue and muscle loss. To our knowledge, this finding has not been previously described. The lucencies in the bone correlate to marrow spaces. The pattern represents thermal loss of normal marrow elements and thin trabecula with preservation of the thicker bony trabecula. This finding is indicative of exposure of bone to extreme heat and may be helpful when the position of the body relative to the fire is in question.
The second observation is the association of fractures and dislocations with thermal flexion deformities. The pugilistic attitude seen in the upper extremities of severely burned bodies results from flexion at the shoulder, elbow, and wrist joints. We observed that the combination of severe flexion and thermal tissue loss can create disarticulation as well as fractures. In the lower extremities, similar flexion contractures occur at the hips and knees but are less pronounced. Flexion contractures of the foot and ankle are more extreme and can create fracture and disarticulation. We hypothesize that this pattern is attributed to mechanical forces associated with thermal muscular contraction and shrinkage that create unbalanced forces on the joints. The sequence of flexion contracture and fracture/dislocation likely precede the thermal destruction of bone that results in thermal amputations.
There are several limitations to our study. Consensus, unblinded review may have influenced the interpretation of subtle findings. A control group of subjects who died of smoke inhalation without trauma may have helped us more clearly distinguish thermal from antemortem traumatic findings. However, our findings were validated with complete autopsy by experienced medical examiners. There is bias in our study population because all of our subjects experienced severe trauma that was the cause of death or a major contributory factor to death. As such, a study population that includes victims of accidental fires, arson, and arson to cover homicide may provide further insight into the distinction between thermal and antemortem traumatic injury. Lastly, only 2 of our subjects had soot in the airway at autopsy and we were not able to establish an MDCT finding that correlates with airway soot. Further investigation of a population dying from smoke inhalation alone may yield an MDCT finding for the autopsy finding of soot in the airway.
In conclusion, MDCT facilitates autopsy in charred remains by accurately displaying lethal complex fracture patterns and can identify the features of postmortem thermal injury in the majority of fire victims. Postmortem MDCT may serve as a useful preautopsy triage tool in fire-related mass casualty disasters or provide additional anatomic information when the cause of death is rendered by a limited autopsy.
